1. Introduction {#sec1}
===============

Recently, we reported on the synthesis and crystal structure of cyclohexylammonium thiocyanate (C~6~H~11~NH~3~^+^SCN^−^, HCHA^+^SCN^−^), as a potential precursor for preparing new compounds [@bib1]. Thiocyanate ion is a bidentate ligand which has several terminal and bridging coordination modes, making it capable of forming numerous useful neutral and anionic metal complexes [@bib2]. For instance, tetraisothiocyanatocobaltate(II) anion, \[Co(NCS)~4~\]^2-^, has been extensively studied and used as a building block for the synthesis of 1D, 2D and 3D supramolecular structures. Furthermore, it has the ability to form weak van der Waals interactions and hydrogen bonding \[[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9]\]. Tetraisothiocyanatocobaltate(II) anion has been used in the analytical chemistry for spectrophotometric determination of small amount of cobalt after extracting \[Co(NCS)~4~\]^2-^ with different kinds of cations such as 2,4-dichlorobenzyltriphenylphosphonium [@bib10], tetramethylene-bis(triphenylphosphonium) [@bib11], triphenylsulphonium [@bib12], and brilliant green [@bib13]. Moreover, small amount of cobalt can be determined spectrophotometrically after liquid-liquid extraction with triisooctylamine [@bib14] or propylene carbonate [@bib15]. In another indirect process, \[Co(NCS)~4~\]^2-^ has been used to determine beryllium [@bib16], quaternary ammonium-based surfactants [@bib17], and diphenyliodonium [@bib18]. In another application, \[Co(NCS)~4~\]^2-^ has been used to prepare gel-embedded cobalt nanoparticles [@bib19]. Thermochromism phenomenon has also been noticed in the \[Co(NCS)~4~\]^2-^ complex on dissolving the neutral complex of cobalt isothiocyanate, Co(NCS)~2~, in the ionic liquid (1-ethyl-3-methylimidazolium) thiocyanate, where the coordination structure changed from tetrahedral \[Co(NCS)~4~\]^2−^ at ∼25 °C to octahedral \[Co(NCS)~6~\]^4−^ by cooling below -40 °C [@bib20].

Cyclohexylammonium, HCHA^+^, is also a useful building block for constructing supramolecular structures with various dimensionalities via hydrogen bonding. For example, cyclohexylammonium terephthalate forms a 2D network [@bib21], while cyclohexylammonium salt of nitrate [@bib22] and thiocyanate [@bib1] form 3D networks.

Herein, we report the preparation, crystal structure, and characterization of 3D supramolecular structure of cyclohexylammonium tetraisothiocyanatocobaltate(II), (HCHA)~2~\[Co(NCS)~4~\], which was utilized as a single-source precursor, through its thermal decomposition, for the synthesis of cobalt sulfide (CoS) and tricobalt tetraoxide (Co~3~O~4~) nanoparticles. Cobalt sulfide finds widespread applications such as electrochemical conductivity \[[@bib23], [@bib24]\], electrochemical water splitting with photo anodes \[[@bib25], [@bib26]\], and supercapacitors with enhanced charge capacity and stability \[[@bib27], [@bib28]\]. On the other hand, tricobalt tetraoxide (Co~3~O~4~) has been reported for use in supercapacitors, magnetic semiconductors \[[@bib29], [@bib30], [@bib31]\], photocatalysis \[[@bib32], [@bib33]\], carbon monoxide (CO) and hydrocarbon oxidations, and other catalysis applications \[[@bib34], [@bib35], [@bib36], [@bib37], [@bib38]\].

2. Experimental {#sec2}
===============

2.1. Materials {#sec2.1}
--------------

Cyclohexylamine (98+%, Alfa Aesar), cobalt nitrate hexahydrate (p.a, 99%, POCH), sodium thiocyanate (ACS, 98.0%, Alfa Aesar), ethanol (absolute 99.9%, Petrochem), and chloroform (analytical reagent, BDH) were commercially available and were used without further purification.

2.2. Analytical and physical techniques {#sec2.2}
---------------------------------------

The chemical composition was confirmed by CHNS elemental microanalysis using a Perkin Elmer Series II CHNS/O analyzer and by cobalt metal analysis using an Agilent 700 series inductively-coupled plasma-optical emission spectroscopy (ICP-OES). Diffuse reflectance infrared Fourier transform (DRIFT) spectra of powder samples, diluted with IR-grade potassium bromide (KBr), were recorded on a Perkin Elmer FTIR system spectrum GX in the range of 400--4000 cm^−1^. Liquid-state ultraviolet-visible (UV-Vis) absorbance spectra were recorded on a Perkin Elmer Lambda 950 UV/Vis/NIR spectrophotometer. Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8 Advance diffractometer, operated at 40 mA and 40 kV by using CuK~α~ radiation and a nickel filter, in the 2-theta range from 1 to 80° in steps of 0.01°, with a sampling time of 0.2 second per step. Single crystal X-ray diffraction (SXRD) was recorded on a Bruker D8 diffractometer equipped with a PHOTON100 CMOS detector operated in shutterless mode. The morphology was studied by using a field-emission scanning electron microscope (FE-SEM model: FEI-200NNL), equipped with an energy dispersive X-ray (EDX) spectrometer for elemental analysis, and by using a high resolution transmission electron microscope (HRTEM model: JEM-2100F JEOL). Carbon-coated copper grids were used for mounting the samples for HRTEM analysis. Thermal stability was investigated by thermal gravimetric analyzer (TGA Q50 TA instrument-Thermo^Star^ Gas Analysis System Pfeiffer Vacuum). Brunauer, Emmett, and Teller surface areas (BET-SA) and pore size distribution of the catalysts were obtained on Micrometrics Gemini III-2375 (Norcross, GA, USA) instrument by N~2~ physisorption at 77 K. Cyclic voltammetry (CV) of the HCHA^+^NCS^−^ salt and (HCHA)~2~\[Co(NCS)~4~\] complex was performed to determine the redox potentials of the Co--complex using a conventional three electrode system with a glassy carbon (GC) electrode, casted with the ligand or Co-complex slurry in 1 % nafion solution, as a working electrode, Pt-wire as an auxiliary electrode and Ag/AgCl/3M KCl as a reference electrode. A Metrorohm PGSTAT101 μ-Autolab was used for electrochemical studies.

2.3. Synthesis of cyclohexylammonium thiocyanate (HCHA^+^SCN^−^) {#sec2.3}
----------------------------------------------------------------

This compound was prepared according to our procedure published previously [@bib1] by salt metathesis reaction between cyclohexylammonium chloride and sodium thiocyanate.

2.4. Synthesis of cyclohexylammonium tetraisothiocyanatocobaltate(II) (HCHA)~2~\[Co(NCS)~4~\] {#sec2.4}
---------------------------------------------------------------------------------------------

A two-step procedure reaction was used to synthesize this compound. The first step was to synthesize the neutral complex of cobalt(II) isothiocynate in ethanol medium from the reaction between sodium thiocyanate and cobalt nitrate hexahydrate, where the precipitation of sodium nitrate is the driving force for the reaction, as illustrated in Eq. (1):

**Equation 1:**$$\left. 2NaSCN_{(EtOH)} + Co\left( {No_{3}} \right)_{2} \cdot 6H_{2}O_{(EtOH)}\rightarrow Co\left( NCS \right)_{2{(EtOH)}} + 2ΝaNO_{3{(C)}} \right.$$

After filtering off the precipitate, the second step was performed by reacting the ethanolic solution of cobalt(II) isothiocyanate with HCHA^+^SCN^−^, where a navy blue solution was formed, as shown in Eq. (2):

**Equation 2:**$$\left. Co\left( NCS \right)_{2{(EtOH)}} + 2C_{6}H_{11}\overset{\oplus}{N}H_{3}NCS^{\ominus}\rightarrow\left( {C_{6}H_{11}NH_{3}} \right)_{2}\left\lbrack {Co\left( NCS \right)_{4}} \right\rbrack_{(EtOH)} \right.$$

Navy blue small, needle crystals were obtained through the evaporation of ethanol at room temperature over a period of 7 days. Beautiful orthorhombic crystals of this new complex were obtained by recrystallization in chloroform at room temperature with a yield of ∼100%.

3. Results and discussion {#sec3}
=========================

3.1. Elemental analysis {#sec3.1}
-----------------------

The results of elemental analysis as shown in [Table 1](#tbl1){ref-type="table"}, confirmed the chemical composition of our target compound and indicated the successfulness of our synthetic procedure approach.Table 1The elemental analysis of (HCHA)~2~\[Co(NCS)~4~\].Table 1ElementTheoretical (wt/wt%)Experimental (wt/wt%)C39.0940.27H5.746.02N17.0916.31S26.0925.07Co11.9912.01

3.2. FT-IR spectrophotometry {#sec3.2}
----------------------------

[Fig. 1](#fig1){ref-type="fig"} displays the DRIFT spectrum of the (HCHA)~2~\[Co(NCS)~4~\], confirming the success of our method for synthesizing the desired compound. Three characteristic vibrations verify the presence of thiocyanate ligand and its binding mode to the Co(II) ion centre for the formation of the anionic complex \[Co(NCS)~4~\].Fig. 1FTIR spectrum of (HCHA)~2~\[Co(NCS)~4~\].Fig. 1

The strong bands at 2096 and 2073 cm^−1^ can be assigned to the stretching vibration of C≡N bond of thiocyanate ligand. The weak bands at 849 and 826 cm^−1^ can be attributed to C−S bond stretching vibration. The weak band at 483 cm^−1^ can be ascribed to the bending vibration of N−C−S. This bending vibration of thiocyanate indicates the binding of thiocyanate ligand to Co(II) center via its N-terminal. The assignment of these bands to thiocyanate vibrations and deduction of its coordination mode are based on the previously reported results \[[@bib5], [@bib7], [@bib19], [@bib20]\]. The spectrum also shows the characteristic vibrations for cyclohexylammonium cation, C~6~H~11~NH~3~^+^ (HCHA^+^). The strong bands at 3190-3098 cm^−1^ can be assigned to the stretching vibration of NH~3~^+^ bond of cyclohexaylammonium cation. The medium band at 2944 cm^−1^ with shoulder at 2907 cm^−1^ can be assigned to the stretching vibrations of CH~2~. The strong band at 2865 cm^−1^ can be attributed to the stretching vibration of C−H bond. The strong band at 1595 cm^−1^ can be ascribed to the NH~3~ scissoring. The strong band at 1477cm^−1^ with two shoulders at 1470 and 1456 cm^−1^ can be assigned to the CH~2~ deforming. The weak band at 1386 cm^−1^ can be assigned to the stretching vibration of C−H bond. The weak bands at 1284, 1264, and 1228 cm^−1^can be attributed to the CH~2~ wagging, followed by a band at 1172 cm^−1^, which is related to the ring deformation. The weak bands at 1121, 1085, 1062 cm^−1^ can be assigned to the CH~2~ twisting. The medium band at 1001 cm^−1^ can be ascribed to the bending vibration of C−N bond. The weak band at 952 cm^−1^ can be attributed to the ring breathing. The weak band at 923 cm^−1^ can be ascribed to the NH~3~ twisting, followed by a weak band at 889 cm^−1^, which is related to the ring deformation. The weak bands at 871, 784, and 550 cm^−1^ can be assigned to the CH~2~ rocking. The strong bands at 452 and 411 cm^−1^ can be attributed to the ring C−N bending [@bib39].

3.3. UV-Vis spectrophotometry {#sec3.3}
-----------------------------

[Fig. 2](#fig2){ref-type="fig"} shows the absorbance spectrum in the visible region for (HCHA)~2~\[Co(NCS)~4~\]. The strong, broad band with maximum absorbance at 622 nm and a shoulder with maximum absorbance at 589 nm are characteristic features for the tetrahedral, blue tetraisothiocyanatocobaltate(II) complex. The absorbance at 622 nm corresponds to the ^4^A~2~ → ^4^T~2~ transition while the absorbance at 589 nm is for ^4^A~2~ → ^4^T~1~(F) transition \[[@bib5], [@bib6], [@bib7], [@bib19], [@bib20], [@bib40]\]. This electronic spectrum is in agreement with the FT-IR spectrum, confirming the binding of thiocyanate ligand through its N-terminal to the Co(II) center and the formation of the tetrahedral \[Co(NCS)~4~\]^2-^.Fig. 2Absorbance spectrum of (HCHA)~2~\[Co(NCS)~4~\].Fig. 2

3.4. X-ray diffraction {#sec3.4}
----------------------

### 3.4.1. SXRD of (HCHA)~2~\[Co(NCS)~4~\] {#sec3.4.1}

The crystal structure of (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\] was determined by SXRD, confirming the FTIR and UV-Vis spectroscopic results. The summary of the crystallographic data is given in [Table 2](#tbl2){ref-type="table"}.Table 2Summary of the crystallographic parameters of the structure determination for cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\].Table 2Crystal Structure DataEmpirical FormulaC~16~H~28~CoN~6~S~4~Formula weight491.61Crystal SystemOrthorhombicSpace group*Pbcm* (No. 57)*a* (Å)11.4808*b* (Å)8.5881 (3)*c* (Å)24.4244 (8)*α* (°)90*β* (°)90γ (°)90Volume (Å^3^)2408.20 (14)*Z*4ρ~cal~ (g/cm^3^)1.356*μ* (mm^−1^)8.932F(000)1028Crystal size (mm)0.05 × 0.05 × 0.12Cu Kα radiation (Å)1.54178*T* (°C)-143.152*θ* range (°)3.6 to 74.6Reflections collected43418Unique reflections2601*R*~int~0.072Data; Parameters2346; 146Goodness-of-fit1.05Final *R* indices \[*I* \> 2σ(*I*)\]*R*(*F*) = 0.0473\
*wR*(*F*^2^) = 0.1368Δρ~max~; Δρ~min~ (e/Å^3^)0.76; −0.72CCDC No.1859673

[Fig. 3](#fig3){ref-type="fig"}A, shows the asymmetric molecule of (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\]. The central Co^2+^ ion of \[Co(NCS)4\]^2-^ is coordinated to four isothiocyanate ligands via their N-terminal and resides in a distorted tetrahedral environment, as evidenced from deviation of the bond angles values from the standard value of 109.5° of symmetrical tetrahedral. Selected data of the bond angles (°) for cyclohexylammonium tetraisothiocyanatocobaltate(II) is presented in [Table 3](#tbl3){ref-type="table"} (see Supplementary Material, Table S4 for the remain bond angles). The angle between central Co^2+^ ion, the nitrogen and the carbon of bonded isothiocyanate ligand (Co−N−C link) is deviated from 180°, i.e. not linear angle, except the Co1−N1−C1 and Co1−N3−C2 angles are very close to the linear angle. Such structural feature of \[Co(NCS)~4~\]^2-^ has been reported in literature \[[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9]\]. Furthermore, the isothiocyanate ligand is almost linear, as it is expected. However, one of the isothiocyanate ligand is disordered in its C−S bond ([Fig. 3](#fig3){ref-type="fig"}A). The Co−N bond length ranges between 1.956 Å and 1.964 Å with an average of 1.958 Å. Selected data for the bond distances (Å) for cyclohexylammonium tetraisothiocyanatocobaltate(II), are presented in [Table 4](#tbl4){ref-type="table"} which is similar to what has been reported previously \[[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib9]\] (see Supplementary Material, Table S6 for remaining bond lengths). The C≡N bond length ranges between 1.127 Å and 1.165 Å with an average of 1.153 Å ([Table 4](#tbl4){ref-type="table"}). This observed bond length for C≡N is comparable to the reported value in literature \[[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib9]\]. The bond length of C−S in the range of 1.625--1.643 Å with an average of 1.631 Å, which is in agreement with the previously reported value \[[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib9]\]. The cyclohexylammonium counterion (containing N4, C8, C9, C10, and C11 atoms) is highly disordered, as reflected by the large deviation of most of its angles from 109.5°, while the other cyclohexylammonium counterion (containing N5, C4, C5, C6, and C7 atoms) has its angles close to 109.5° except those angles between the disordered ammonium protons ([Fig. 3](#fig3){ref-type="fig"}A, and [Table 3](#tbl3){ref-type="table"}). The observed disorder in cyclohexylammonium counterions in the structure of (HCHA)~2~\[Co(NCS)~4~\] was not detected in the structures of cyclohexylammonium thiocynate [@bib1] and nitrate [@bib22]. The length of the bonds in both of cyclohexylammonium counterions are close to those reported for cyclohexylammonium in its salt with thiocyanate [@bib1] and nitrate [@bib22].Fig. 3The ORTEP and ball and stick representations of the ionic complex cyclohexylammonium tetraisothiocyanatocobaltate(II) (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\]. (A) Asymmetric molecule of (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\], viewed along the b-axis, showing the coordination sphere of the Co^2+^ ion in distorted tetrahedral environment. (B) Array of layers of \[Co(NCS)~4~\]^2-^ ions, viewed along the c-axis, rotated -90°on the a-axis, and then tilted forward. (C) Array of layers of (C~6~H~11~NH~3~)^+^ ions, viewed along a-axis. (D) Crystal packing of (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\] viewed along the a-axis. Color code: navy blue, cobalt; light blue, nitrogen; grey, carbon; yellow, sulfur; white, hydrogen.Fig. 3Table 3Selected bond angles (degrees) for cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\], R = 0.05.Table 3N1-Co1-N2114.39(9)C9A-C8B-C9B18.8(4)N1-Co1-N3108.20(15)C8A-C9A-C10B116.6(6)N1-Co1-N2_a114.39(9)C8B-C9A-C9B70.7(12)N2-Co1-N3105.51(10)C8A-C9A-C10A112.4(6)N2-Co1-N2_a108.12(11)C8B-C9A-C10B116.6(6)N2a-Co1-N3105.51(10)C9B-C9A-C10A68.5(12)Co1-N1-C1172.6(3)C8B-C9A-C10A112.4(6)Co1-N2-C3158.9(3)C8A-C9A-C9B70.7(12)Co1-N3-C2178.5(4)C9B-C9A-C10B101.8(14)S2-C1-N1179.9(4)C10A-C9A-C10B34.9(5)S0AA-C2-N3171.4(3)C8A-C9B-C9A90.5(12)S0AA-C2-S0AA_a17.2(4)C8A-C9B-C10A124.8(7)S0AAa-C2-N3171.4(3)C8A-C9B-C10B110.9(6)S1-C3-N2178.4(3)C8B-C9B-C9A90.5(12)Table 4Selected bond distances (Å) for cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\], R = 0.05.Table 4Co1-N11.957 (4)C10B-C11A1.496 (8)Co1-N21.956 (2)C10B-C11B1.496 (8)Co1-N31.964 (4)N5-C41.501 (5)Co1-N2_a1.956 (2)C8A-H8A1.0000S1-C31.625 (4)C8A-H8B1.0000S0AA-C21.643 (5)C8B-H8B1.0000S2-C11.630 (4)C8B-H8A1.0000N1-C11.155 (6)C9A-H9BA0.9100N2-C31.165 (4)C9A-H9AA0.9900N3-C21.127 (6)C9A-H9AB0.9900N4-C8A1.506 (8)C9B-H9BA0.9900N4-C8B1.506 (8)C9B-H9BB0.9900N4-H4B0.9100C9B-H9AA0.9900N4-H4C0.9100C10A-H10B0.9900N4-H8A0.9800C10A-H10C1.0600N4-H4A0.9100C10A-H10A0.9900

These disordered features, in (HCHA)~2~\[Co(NCS)~4~\], imply that the crystal itself is inherently disordered with some cyclohexylammonium counterions arranged in the "upward" position in some unit cells and "downward" in other unit cells, giving on average the observed disorder of cyclohexylammonium; and with three of the thiocyanate ligands are ordered, while the fourth is disordered. The ordered ones are held in place by hydrogen bonds (shown in cyan dashed lines in [Fig. 3](#fig3){ref-type="fig"}) with the cyclohexylammonium counterions ([Table 5](#tbl5){ref-type="table"}), while the fourth does not have such interactions, indicating its unfavorable ordering in terms of energy. The whole observed disorder, in our synthesized inorganic-organic hybrid material, could be attributed to the intrinsic interactions among \[Co(NCS)~4~\]^2-^ inorganic substructure and to the hydrogen bonds among the inorganic ionic complex of \[Co(NCS)~4~\]^2-^ with the organic cyclohexylammonium counterions. Thus, entropy dominates and creates the observed disorder.Table 5Hydrogen bonds (angstrom, degrees) for cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\], R = 0.05.Table 5N4\-- H4A.. S0AA0.91002.65003.546(9)167.008_655N4\-- H4B.. S20.91002.70003.405(8)135.00.N4\-- H4C.. S0AA0.91002.43003.310(10)164.008_454N4\-- H4C.. S0AA0.91002.86003.743(11)164.008_454N5\-- H5A.. S10.91002.46003.338(3)161.00.N5\-- H5C.. S20.91002.51003.386(4)161.008_454

[Fig. 3](#fig3){ref-type="fig"}B, shows the layered array of \[Co(NCS)~4~\]^2-^ inorganic substructure along the c-axis where the layers are connected through hydrogen bonds and van der Waals interactions (showed in red dashed lines). In each layer, there are apertures running through the parallel layers where the cyclohexylammonium counterions reside in these apertures.

[Fig. 3](#fig3){ref-type="fig"}(C) displays the layered structure of cyclohexylammonium counterions, viewed along a-axis, where the layers are parallel and are connected via hydrogen bonds and van der Waals interactions. Within each layer, cyclohexylammonium are arranged as columns, where the space between every two columns accommodates the inorganic complexes of \[Co(NCS)~4~\]^2-^.

[Fig. 3](#fig3){ref-type="fig"}D shows the structure of the entire compound, where the layers of both of the inorganic and organic moieties are connected by hydrogen bonds and van der Waals interactions, which are mainly responsible for the formation of the three dimensional (3-D) network.

The final coordinates and equivalent isotropic displacement parameters of the non-hydrogen atoms, hydrogen atom positions and isotropic displacement parameter, (an)isotropic displacement parameter, bond angles, values of torsion angles, bond distances (Å), contact distances, and translation of symmetry code to equivalent positions are given in Tables:

S1: Final coordinates and equivalent isotropic displacement parameters of the non-hydrogen atoms for: cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\], S2: Hydrogen atom positions and isotropic displacement parameter for: cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\]), S3: (An)isotropic displacement parameter for cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\], S4: Bond angles (degrees) for cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\], S5: Torsion angles for cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\], S6: Bond distances (*Å*) for cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\], and S7: Contact distances (Angstrom) for cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\], respectively, of the supplementary Material.

### 3.4.2. PXRD of (HCHA)~2~\[Co(NCS)~4~\] {#sec3.4.2}

Simulation of the PXRD was conducted as a reference standard for the good match between the theoretically predicted and experimentally determined structures. However, there was no good match between the simulated and measured PXRD patterns, as shown in [Fig. 4](#fig4){ref-type="fig"}. We guess the big differences between them could be due to the inherent weak diffraction of XRD by (HCHA)~2~\[Co(NCS)~4~\] even after collecting the diffraction over a period of seven hours (the experimental pattern shown in [Fig. 4](#fig4){ref-type="fig"}). In addition, the disorder observed in the SXRD and grinding the complex to powder might be responsible for the observed differences between the simulated and measured PXRD patterns.Fig. 4PXRD of (A) the experimental and (B) the simulated patterns for the 3D supramolecular of cyclohexylammonium tetraisothiocyanatocobaltate (II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\].Fig. 4

3.5. Electrochemical characteristics {#sec3.5}
------------------------------------

[Fig. 5](#fig5){ref-type="fig"} displays the redox characteristics of C~6~H~11~NH~3~^+^SCN^−^ and (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\] complex. It is evident that the C~6~H~11~NH~3~^+^SCN^−^ salt did not show any reversible redox couple within the tested potential window. A strong oxidation peak is observed starting at 0.49 V (vs. Ag/AgCl/3M KCl) which is irreversible and is probably due to oxygen evolution reaction in the aqueous medium. When CV of (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\] complex was carried out, it clearly showed a strong quasi-reversible redox couple with anodic peak at 1.40 V and cathodic peak appearing at 0.83 V (vs. Ag/AgCl/3M KCl). These anodic and cathodic peaks correspond to Co(II) and Co(III) redox couple. The peak separation of 0.58 V also confirmed 1-electron transfer process during the CV experiment. No other Co-species were detected [@bib41].Fig. 5CVs of C~6~H~11~NH~3~^+^SCN^−^ and Co (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\] complex, casted over GC electrode, in 0.1 M KCl aqueous solution.Fig. 5

3.6. Thermogravimetric analysis (TGA) {#sec3.6}
-------------------------------------

TGA is widely used for the thermal characterization of different materials \[[@bib42], [@bib43]\]. [Fig. 6](#fig6){ref-type="fig"} displays the thermograms resulted from the thermogravimetric analyses of (HCHA)~2~\[Co(NCS)~4~\] under air and helium (He), where stepwise decomposition behaviour was observed in both cases. Under air atmosphere, the complex showed thermal stability up to ∼72 °C, after which it started to decompose thermally and to lose ∼41% of its weight, corresponding to the loss of the two cyclohexylammonium counterions at ∼270 °C. The complex continued to decompose by losing three isothiocyanate ligands upon increasing the temperature to ∼523 °C. Afterwards, oxidation by molecular oxygen was observed, where Co~3~O~4~ was formed, as it was confirmed by the calculated remaining weight of 20.4 % (actual remaining weight = 22.2 %). The formation of Co~3~O~4~ was confirmed by PXRD analysis ([Fig. 7](#fig7){ref-type="fig"}).Fig. 6Thermogravimetric analysis of (HCHA)~2~\[Co(NCS)~4~\] under air (blue) and helium (red).Fig. 6Fig. 7PXRD patterns for CoS (A) and Co~3~O~4~ (B).Fig. 7

Under helium atmosphere, the thermal decomposition of the complex appeared to be faster than its thermal decomposition under air atmosphere. The complex, under helium atmosphere, started to decompose thermally at ∼67 °C, which after it lost the two cyclohexylammonium counterions at ∼252 °C, corresponding to a loss of ∼41%. The complex afterwards lost two of its isothiocyante ligands at 310 °C, after which it completed its decomposition to cobalt sulfide (CoS) at ∼ 605 °C, corresponding to a loss of ∼81.5% (calculated remaining weight for CoS = 18.5 %; actual remaining weight = 18.52 %). No more weight loss was observed after the complete conversion of cobalt sulfide, which its formation was confirmed by PXRD analysis ([Fig. 7](#fig7){ref-type="fig"}).

3.7. PXRD of the thermal decomposition products of (HCHA)~2~\[Co(NCS)~4~\] {#sec3.7}
--------------------------------------------------------------------------

[Fig. 7](#fig7){ref-type="fig"}A, displays the XRD pattern for CoS, obtained from the thermal decomposition of (HCHA)~2~\[Co(NCS)~4~\] at 610 °C under helium, with typically sharp, symmetric basal reflections at 2θ of 31.58, 35.78, 46.84, 55.38, and 75.5^ο^, which are indexed to the characteristic peaks (100), (101), (102), (110) and (202), respectively. The low intensities of the assigned peaks showed good crystallinity. Our pattern showed comparable result with the previous investigation performed by Qingsheng and his coworkers [@bib42].

On the other hand, [Fig. 7](#fig7){ref-type="fig"}B illustrates the XRD pattern of Co~3~O~4~, obtained from thermal decomposition of (HCHA)~2~\[Co(NCS)~4~\] at 550 °C under air, with indexes diffraction at 2θ of 19.28, 37.2, 38.86, 45.24, 55.96, 59.56, 65.34, 75.76, and 77.68 ^ο^, corresponding to the characteristic peaks (111), (220), (311), (222), (400), (422), (511), (440), (533) and (622), respectively. The Co~3~O~4~ product is a face centered cubic shape (space group Fd-3m). Our results are in good agreement with a similar diffraction patterns observed by Chira and his coworkers [@bib30].

3.8. Nitrogen physisorption for Co~3~O~4~ and CoS products obtained from the thermal pyrolysis of (HCHA)~2~\[Co(NCS)~4~\] {#sec3.8}
-------------------------------------------------------------------------------------------------------------------------

The summary of the nitrogen physisorption for Co~3~O~4~ and CoS products obtained by the thermal pyrolysis of (HCHA)~2~\[Co(NCS)~4~\] under air and helium, respectively, are presented in [Table 6](#tbl6){ref-type="table"}. The surface area and pore volume of CoS were higher than those of Co~3~O~4~. However, the pore size of CoS was a little bit smaller than that of Co~3~O~4~. The higher surface area and pore volume of CoS product could be attributed to carbonization process of the cyclohexylammonium, which functioned as a pore template and prevented the collapse of pores. On the other hand, Co~3~O~4~ formed through the thermal pyrolysis of (HCHA)~2~\[Co(NCS)~4~\] under air, where oxygen oxidized the cyclohexylammonium, causing the collapse of pores.Table 6Summary of the nitrogen physisorption for Co~3~O~4~ and CoS products obtained from the thermal pyrolysis of (HCHA)~2~\[Co(NCS)~4~\] under air and helium.Table 6Physical characterization parametersCo~3~O~4~CoS\*Surface areaSurface area (BET) \[m^2^/g\]8.9335.94Langmuir Surface Area \[m^2^/g\]13.5153.2826t-Plot Micropore Area \[m^2^/g\]1.28889.5372t-Plot External Surface Area \[m^2^/g\]7.646826.4104\*Pore VolumeSingle point adsorption total pore volume of pores less than 767.019 Å diameter at P/P~0~ = 0.974100466 \[cm^3^/g\]0.0188860.06268\*Pore SizeAdsorption average pore width \[Å\]84.5469.7496BJH Adsorption average pore diameter \[Å\]188.37106.919BJH Desorption average pore diameter \[Å\]102.46293.556

3.9. SEM and TEM morphology investigation of CoS and Co~3~O~4~ {#sec3.9}
--------------------------------------------------------------

[Fig. 8](#fig8){ref-type="fig"} illustrates the electron micrograph images of CoS, prepared by the thermal decomposition of (HCHA)~2~\[Co(NCS)~4~\] at 610 °C under helium, with various magnifications. Agglomerated CoS spherical shape particles and smaller rod-like particles were observed. Similar observation by the SEM for the synthesised CoS nanorods (NR) samples was also reported \[[@bib44], [@bib45]\]. The more revealed accurate images from [Fig. 8](#fig8){ref-type="fig"}E and F show particles with an average particle size of approximately 10 nm. Moreover, the aggregation phenomenon observed by TEM technique in [Fig. 8 (E)](#fig8){ref-type="fig"} correlates with the SEM observation, which may be attributed to the higher surface energy of the particles.Fig. 8SEM electron micrograph images of CoS at various magnifications of A) 1,900, B) 3000, C) 15,000 D) and 45,000. TEM images (E) and (F).Fig. 8

The SEM micrographs show aggregates of Co~3~O~4~ ([Fig. 9](#fig9){ref-type="fig"}A and B). For more assessment on the Co~3~O~4~ morphology and shape, TEM images ([Fig. 9](#fig9){ref-type="fig"}C and D) show aggregation of Co~3~O~4~ particles at range diameter from 50 to 200 nm, where cubic, orthorhombic (marked with yellow arrows), rod-like (marked with red arrows), and spherical Co~3~O~4~ particles could be detected. Such morphology of Co~3~O~4~ particles was previously reported \[[@bib46], [@bib47], [@bib48]\].Fig. 9SEM electron micrograph images of Co~3~O~4~ at two different magnifications: a) 4,500 and b) 10,000 magnifications. TEM images (c) and (d).Fig. 9

4. Conclusion {#sec4}
=============

In summary, we have reported the preparation of a novel 3D, supramolecular structure of cyclohexylammonium tetraisothiocyanatocobaltate(II), (C~6~H~11~NH~3~)~2~\[Co(NCS)~4~\], with orthorhombic crystal system in a yield of ∼100%. The formation of this complex was proved by FT-IR, UV-Vis, CV, and SXRD techniques. We have attempted to prove that our prepared new complex acted as single-source precursor for the synthesis of CoS and Co~3~O~4~ nanoparticles, two important classes of materials, via the readily thermal decomposition under helium and air, respectively.
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